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The Klebsiella lipoprotein pullulanase (PulA) is ex-
ported to the periplasm, triacylated, and anchored
via lipids in the inner membrane (IM) prior to its
transport to the bacterial surface through a type II
secretion system (T2SS). X-Ray crystallography
and atomistic molecular dynamics (MD) simula-
tions of PulA in a 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoethanolamine (POPE) model membrane
provided an unprecedented molecular view of an
N-terminal unstructured tether and the IM lipopro-
tein retention signal, and revealed novel interactions
with the IM via N-terminal immunoglobulin-like do-
mains in PulA. An efficiently secreted nonacylated
variant (PulANA) showed similar peripheral mem-
brane association during MD simulations, consis-
tent with the binding of purified PulANA to lipo-
somes. Remarkably, combined X-ray, MD, and
functional studies identified a novel subdomain,
Ins, inserted in the a-amylase domain, which is
required for PulA secretion. Available data support
a model in which PulA binding to the IM promotes
interactions with the T2SS, possibly via the Ins sub-
domain.
INTRODUCTION
Lipoproteins are bacterial envelope components required
for vital processes including nutrient uptake, cell envelope
integrity, peptidoglycan biogenesis, cell division, and protein
transport (reviewed in Zu¨ckert, 2014). In Gram-negative (di-92 Structure 24, 92–104, January 5, 2016 ª2016 Elsevier Ltd All rightderm) bacteria, lipoproteins are targeted to the periplasm
and triacylated at the N-terminal cysteine residue. Mature
lipoproteins either remain in the periplasmic inner membrane
(IM) leaflet or reach the outer membrane (OM) via the Lol
machinery. Upon extraction from the IM by the LolCDE com-
plex (Okuda and Tokuda, 2011), lipoproteins bind to the
periplasmic chaperone LolA, which escorts them to the OM
receptor LolB. In Escherichia coli, and probably most other
enterobacteria, all lipoproteins are sorted to the OM, except
those with an Asp residue at position +2 adjacent to the
fatty-acylated N-terminal cysteine (Yamaguchi et al., 1988).
Subsequent studies identified exceptions to this ‘‘+2 rule’’
(Seydel et al., 1999) and showed that +3 residues influence
the strength of the IM retention (Hara et al., 2003; Lewenza
et al., 2006; Terada et al., 2001). The comprehensive in vitro
studies of these signals led to the current model of Lol
avoidance for the strongest IM retention signal Asp2-Asp3,
relying on charge- and distance-specific interactions with the
amine groups of phosphatidylethanolamine (PE) (Hara et al.,
2003).
In diderm bacteria some lipoproteins eventually reach the
cell surface, either through mechanisms that remain to be
elucidated, as in Borrelia burgdorferi (Schulze and Zu¨ckert,
2006), or through well-characterized protein secretion systems
such as type V (Leyton et al., 2012) or type II (Nivaskumar and
Francetic, 2014). Pullulanase (PulA) is a lipoprotein secreted to
the surface of Klebsiella oxytoca through the type II secretion
system (T2SS) (d’Enfert et al., 1987). When produced in
E. coli in the absence of the cognate T2SS, the Asp2 sorting
signal leads to PulA anchoring in the IM. Substituting Asp2
for Ser targets PulA to the OM and impairs its secretion (Pugs-
ley and Kornacker, 1991), suggesting that IM localization is
required for the correct presentation of PulA to the T2SS.
Like all T2SS substrates, PulA is secreted in the folded form
and determinants on the protein surface are thought to plays reserved
Figure 1. Klebsiella oxytoca PulA Structure and Domain Organi-
zation
(A) Surface representation of the three-dimensional structure of a PulA pro-
tomer (subunit A) colored by structural domains. PulA domain architecture was
defined according to the CAZy database (Cantarel et al., 2009).
(B) PulA domain mobility represented by the crystal B-factor variation of every
Ca atom along the primary sequence.a role in its specific recognition and transport across the OM
(Korotkov et al., 2012; Nivaskumar and Francetic, 2014). Previ-
ous deletion and gene fusion analyses implicated two distinct
regions of PulA primary sequence, A (residues 11–78) and B
(residues 735–814) in T2SS-mediated secretion (Sauvonnet
and Pugsley, 1996). Peptide insertions in region C (residues
234–284) abolished secretion of nonacylated PulA (PulANA)
while the N-terminal 430 residues of PulA promoted secretion
of reporter proteins (Francetic and Pugsley, 2005). To charac-
terize its secretion signals, we determined the crystal structure
of the K. oxytoca PulA and used molecular dynamics (MD) sim-
ulations to study the behavior of full-length PulA in association
with a model membrane in silico. We combined these studies
with biochemical and in vivo analyses, which allowed us to
gain insights into the molecular determinants of PulA interac-
tions with the membrane and structural motifs involved in its
secretion.Structure 24,RESULTS
PulA Crystallization and Structure Determination
To determine the structure of K. oxytoca pullulanase, shown in
Figure 1A, we produced and purified a periplasmic nonacylated
PulA variant (PulANA) containing a C-terminal thrombin cleavage
site followed by a hexahistidine tag. To produce PulANA we re-
placed the native signal peptide of the acylated PulA (lipoPulA)
with that of PelB, and substituted the Cys+1 by a Met as
described by Francetic and Pugsley (2005). PulA crystals be-
longed to hexagonal space group P6322, with unit cell dimen-
sions of a = b = 179.15 A˚, c = 334.69 A˚. The final PulA model
contains two copies of the enzyme per asymmetric unit and
was refined at 2.9 A˚ resolution to final Rwork and Rfree factors of
0.17 and 0.22, respectively. Data collection and refinement sta-
tistics are listed in Table 1.
The structure of K. oxytoca PulA is very similar to the previ-
ously reported structure of Klebsiella pneumoniae pullulanase
(PulAKpn) (Mikami et al., 2006), with which it shares 90%
sequence identity (Figure S1A). Domains N1 (residues 20–160),
N2 (residues 161–265), and N3 (residues 266–386) constitute
an N-terminal part that is followed by a large catalytic core (res-
idues 387–1070) formed by domains A and C (Figure 1A).
Domains N1 and N3 are carbohydrate-binding modules
belonging to CAZy (Cantarel et al., 2009) family 41 (van Bueren
et al., 2007) and 48, respectively. The function of immunoglob-
ulin-like domain N2 is unknown.
The PulA catalytic core is composed of two major regions: the
TIM-barrel domain A (residues 387–953) and b-sandwich fold
domain C (residues 954–1,070), characteristic of the GH13 fam-
ily of glycosyl hydrolases (Stam et al., 2006). Sugar hydrolysis,
catalyzed in a pronounced cavity in domain A, has been exten-
sively described in the free and substrate-bound crystal struc-
tures of PulAKpn (Mikami et al., 2006). When compared with
related amylases, neopullulanases, and pullulanases of known
structure (Duffner et al., 2000; Gourlay et al., 2009; Hondoh
et al., 2003; Ohtaki et al., 2004), PulA contains an extra domain,
designated Ins, between residues 475 and 545 in domain A (Fig-
ure 1A). Interestingly, sequence alignments of Gram-negative
and Gram-positive bacterial pullulanases revealed the presence
of this subdomain exclusively in the former group (Figure S2),
suggesting that it might represent a secretion determinant. The
Ins subdomain (designated loop 2 in the PulAKpn structure
[Mikami et al., 2006]), is rich in helical and loop secondary struc-
ture. A disulfide bond between Cys491 and Cys506 and two
Ca2+ ions (Figures S1B and S1C) presumably stabilizes this
domain. The K. oxytoca PulA has at least two additional cal-
cium-binding sites, highly similar to the Ca2+-binding sites of
PulAKpn (Figures S1D and S1E).
Several PulA domains showed substantial conformational
flexibility, as revealed by high crystallographic B-factor values
(Figure 1B). The 19-residue N-terminal tether or linker, which
connects the lipid anchor with the structured parts of the protein,
was completely disordered and invisible in the structure,
although its presence in purified PulANA was confirmed by
Edman degradation. An analogous 31-residue tether is missing
in the structure of PulAKpn (Mikami et al., 2006). The highest B
factor was observed for domain N1, followed by the Ins domain
(Figure 1B). PulAwas present as a highly asymmetric dimer in the92–104, January 5, 2016 ª2016 Elsevier Ltd All rights reserved 93
Table 1. Data Collection, Phasing, and Refinement Statistics
Data Collection
Wavelength (A˚) 0.933
Resolution range (A˚) 58.64–2.88 (3.04–2.88)a
Space group P 63 2 2
Unit cell parameters
a, b, c (A˚) 179.15, 179.15, 334.7
a, b, g () 90, 90, 120
Total reflections 1,044,042 (148,362)
Unique reflections 71,937 (10,205)
Multiplicity 14.5 (14.5)
Completeness (%) 99.8 (98.5)
Mean I/s(I) 20.4 (4.0)
Wilson B factor 69.02
Rsym 0.109 (0.666)
Phasing
FOM (acentric/centric)b 0.4080/0.1301
Anomalous phasing powerc 1.733
Refinement
R factor 0.1711 (0.2604)
Rfree 0.2131 (0.3327)
Total no. of atoms 16,490
Protein atoms 16,104
Ligand atoms 78
Water atoms 308
Protein residues 2,106
Rmsd bonds (A˚) 0.014
Rmsd angles () 1.89
Ramachandran favored (%) 94
Ramachandran outliers (%) 0.38
Clashscored 8.63
Average B factor (A˚2) 81.20
Protein (average B factor) 81.30
Solvent (average B factor) 61.30
aStatistics for the highest-resolution shell are shown in parentheses.
bFOM (figure of merit) = jFhklbestj/jFhklj; where Fhklbest = [SalP(a) Fhkl(a)/
SalP(a)], such that FOM is the weighted mean of the cosine of the devia-
tion of the phase angle from abest, or FOM=<cos(a  abest)>.
cAnomalous phasing power = (SQRT[Shkl<DANO_calc(hkl)**2>])/(SQRT
[ShklLOC_ano(hkl)]); where <.> is a weighted average over all possible
Fp* on the complex plane, Fp* = ‘‘trial’’ point for protein structure factor,
DANO_obs = jFph+j_obs  jFphj_obs, DANO_calc = Scale*(jFp* +
Fh+_calcj  jFp* + Fh_calcj), Fh+_calc and Fh_calc = structure factor
Bijvoet pairs computed from the anomalous scatterer model, LOC_
ano(hkl) = phase-integrated lack of closure = <(DANO_obs  DANO_
calc)**2>. Except for the integration over Fp*, this relation is equivalent
to: [rms(DANO_calc)/rms(DANO_calc  DANO_obs)].
dChen et al. (2010).crystalline lattice (Figure 2A); however, it behaved as a monomer
in solution as shown by gel filtration (Figure S3). The super-
position of the two rigid cores (composed of domains N2, N3,
A, and C) of each subunit reveals a 47 rotation of domain N1
(around an axis passing through the hinge residues 24–29 and
158–163) in subunit A relative to B (Figure 2B).94 Structure 24, 92–104, January 5, 2016 ª2016 Elsevier Ltd All rightMolecular Dynamics Simulations of LipoPulA
Prior to secretion, PulA is triacylated at the N-terminal Cys resi-
due and anchored in the periplasmic leaflet of the bacterial IM.
We sought to gain insight into this intermediate state, important
for the correct presentation of the secretion signal on the protein
surface to the T2SS (Pugsley and Kornacker, 1991). To this end,
we generated a full-length in silico model of lipoPulA including
the unstructured N-terminal tether and the Cys+1 modified by
diacylglyceryl and N-palmitoyl acyl chains (Figure 3). We per-
formed MD simulations of lipoPulA on a 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoethanolamine (POPE) model membrane
(Figure 3; Videos S1, S2, and S3). The protein was initially placed
near the membrane with the fatty-acyl tail (shown as spheres)
partially inserted into the bilayer (Figure 3A). Following equilibra-
tion and triplicate 100-ns production simulation, the fatty acids
inserted fully, pulling the N-terminal tether onto the membrane
surface (Figure 3B). Notably, superposition of all lipoPulA do-
mains except N1 and the tether demonstrated that during one
simulation domain N1 pivoted around the rest of the protein as
observed in the crystal structures (refer to Figure 2B). Subunit
A was used as the initial structure, and the N1 domain moved
to occupy a similar position to subunit B by the end of the simu-
lation. The position of the rest of the protein adjusted relative to
the N1 domain in a manner consistent with the X-ray structure,
so that the N2/N3 domains also approached the membrane sur-
face. This is illustrated in Figure 3C by changes in the center-of-
mass location of each domain along the z axis (the normal to the
membrane plane) relative to the membrane center of mass. After
60 ns of simulation, the N2 and N3 domains moved closer to the
membrane surface than N1, with the other domains (A/C/Ins)
following. The palmitoyl-Cys lipid tails and glycerol groups
became more deeply buried than the equivalent groups of the
membrane lipids. The palmitoyl-Cys amide group was observed
at a position similar to that of the POPE ethanolamine groups
(data not shown). The number of hydrogen bonds and atomic
contacts between the protein domains and POPE lipids re-
mained fairly constant and high for the N-terminal tether and
N1 domain. For the N2 and N3 domains the number of contacts
showed a large increase over the final20 ns in one simulation in
particular, as domain N3 came into contact with the membrane
and relaxed onto its surface (Figure 3D). The N3 domain did
not interact with the membrane in any simulation before 70 ns,
at which point hydrogen bonds were formed between the protein
and POPE as their proximity increased.
LipoPulA Interactionswith the IM and the Lipoprotein IM
Retention Signal
TheMD simulations of lipoPulA providemolecular insight into the
conformation of a lipoprotein inserted into the membrane and a
detailed view of a tether region, typically disordered and invisible
in lipoprotein crystal structures. Comparison of tether contacts
with the IM shows that they evolve between the beginning and
the end of the MD simulation (Figure 4A). In a representative
snapshot at the end of the simulation, residues Asp2, Asp3,
andGly4 (comprising the IM retention signal), and the acyl chains
attached to Cys1 foster polar contacts with amine and phos-
phate groups of seven different POPE molecules (Figure 4B).
The backbone nitrogen of the acylated Cys forms a hydrogen
bond to a POPE molecule. The key residue of the IM retentions reserved
Figure 2. Conformational Variability in the
PulA Crystallographic Dimer
(A) Ribbon and transparent surface representation
of the PulA crystal structure; subunits A and B are
colored blue and red, respectively. The two
monomers within the unit assemble into a highly
asymmetric dimer. Views from the side (top panel)
and above (bottom panel) are shown.
(B) Monomer superposition highlights the ob-
served conformational differences. Dimer asym-
metry comes from the significant difference be-
tween the relative orientations of the N1 domains
(shown in ribbon form) and rigid cores (including
the N2, N3, A, and C domains) of each monomer.signal, Asp2 (D2, Figure 4B), interacts with the amine groups of
three POPE molecules via two side-chain and the main-chain
oxygen atoms, and forms hydrogen bonds with phosphate
groups of a different POPE molecule. The Asn3 side chain and
the Gly4 backbone oxygen contact one of these POPE mole-
cules. Oxygen atoms of the three fatty-acyl chains make polar
contacts with two additional POPE molecules, reinforcing the
network and bringing the number of POPEmolecules in the com-
plex to seven (shown in blue in Figures 4B and 4C).
The tether residues Gly4 and Gly11 flank a loop formed by a
stretch of serine residues (Figure 4D), which provide a connec-
tion to domain N1 via a hydrogen bond between Ser6 and
Ser56. The C-terminal half of the tether interacts with the
POPE membrane through numerous polar and negatively
charged residues, but also via Pro13 and Pro16, forming intimate
van der Waals contacts with the membrane surface (Figure 4D).
These residues are part of Gly-X-Pro repeats, where X is a polar
residue (Ser/Thr/Asn/Asp). The K. oxytoca PulA has two such
motifs, while as many as six repeats are present in PulAKpn
(Figure S1C).
Downstream of the tether, an extended region of domain N1
showed specific contacts with the IM localized around residue
D33 and adjacent loops. Similarly, a number of residues in mem-
brane-proximal loops of domains N2 and N3 fostered polar con-
tacts with PE headgroups via Gln/Ser/Asp/Glu/Arg/Lys side
chains (Figure 4E).
Nonacylated PulA Associates with the POPE Membrane
In Silico
When the gene pelBSP-pulA is co-expressed in cis with the 15
other pul genes encoding the cognate T2SS, the nonacylated
variant PulANA is secreted with >90% efficiency (Campos
et al., 2010), which is comparable with the secretion efficiency
of lipoPulA under the same conditions (Pugsley and Kornacker,
1991). The requirement of IM binding for lipoPulA secretion
and the observation that several PulA domains interact with
the POPE membrane in MD simulations suggested that PulANAStructure 24, 92–104, January 5, 201could also associate with the membrane.
We performed three independent 100-ns
simulations of PulANA near the POPE
bilayer to test this hypothesis, using the
crystal structure of full-length PulA with
an N-terminal Met replacing the Cys+1
and the acyl tails. Overall, comparedwith lipoPulA, the results of these simulations revealed that
PulANA adopted highly similar orientations relative to the mem-
brane, with comparable resultant membrane protein interactions
(Videos S4, S5, and S6). At the start of the simulation the protein
was placed near the membrane via its N-terminal tether domain,
but no part of the proteinwas embedded in the lipid. Surprisingly,
PulANA did not diffuse away and instead interacted with the
bilayer to relax onto themembrane surface by the end of the sim-
ulations (Figures 5A and 5B; Videos S4, S5, and S6). PulANA ap-
proached themembrane through the course of the simulation, as
demonstrated by the density changes of the system compo-
nents during the simulation as function of the z axis, and the
movements of the center of mass of each domain (Figure 5C).
The details of the PulANA membrane contacts closely resemble
those of lipoPulA (Figures 5D and 5E), with the notable exception
that fewer POPE molecules (maximum 5) interact with residues
1–4; 11 POPE molecules contact the IM retention signal in the
lipoPulA systems. This is likely due to the lack of embedded
acyl tails pulling the tether into more extensive contacts with
the membrane. The other PulANA membrane interactions
occurred primarily via the tether but also via the N2 and N3 do-
mains, as observed for lipoPulA. However, additional residues
in the tether and the N2 domain interacted with the membrane
compared with lipoPulA. These differences might be due to the
constraints imposed on these regions by the membrane-bound
N terminus of lipoPulA.
PulANA Associates with Liposomes In Vitro
Extensive IM contacts of PulANA in MD simulations prompted us
to test experimentally the ability of purified PulANA to bind lipo-
somes. We incubated PulANA with liposomes of varying compo-
sition, and separated the liposome-associated and soluble
fractions by ultracentrifugation. In the presence of E. coli polar
lipid extract liposomes, 28% ± 9%PulANA was specifically asso-
ciated with the liposome fraction (Figure 6A, lanes 1–3 and 4–6).
Quantified results from four independent binding assays showed
that liposome association was not markedly affected by the6 ª2016 Elsevier Ltd All rights reserved 95
Figure 3. Molecular Dynamics Simulations of lipoPulA Anchored in the POPE Model Membrane
(A and B) The lipoPulA conformation in the beginning (A) and at the end (B) of a representative 100-ns simulation. The N-terminal 19-residue tether is shown in red,
and the fatty-acyl tail as spheres. PulA domains are shown in different colors: N1 is in orange, N2 in yellow, N3 in green, A in cyan, and C in purple. The POPE
membrane atoms are shown in light blue (carbon), red (oxygen), and dark blue (nitrogen).
(C) The distance between the center ofmass of different PulA domains and themembrane during the simulation. The colors of graph lines representmovements of
individual lipoPulA domains relative to the membrane center of mass as indicated on the right.
(D) Main-chain H bonds (left) and atomic contacts (right) of the tether and domains N1, N2, and N3 with the POPE membrane during a representative simulation.
The graph color code is indicated on the right.presence of Ca2+ in the buffer solution (36% ± 3%) or by the type
of phospholipids used in the binding assay (Figure 6B). Together,
these results demonstrate the capacity of PulANA to associate
peripherally with E. coli and other liposomes, and strongly sug-
gest that a similar association with the periplasmic surface of
the IM might occur in vivo.
Conformational Dynamics of PulA
To study more precisely the conformational changes that occur
during membrane binding, we quantified the conformational dy-
namics of the two PulA forms by calculating the root-mean-
square deviation (rmsd) of the Ca atoms in PulA with respect
to the crystal structure of subunit A, which represented the initial
form. This indicated the degree of structural drift of the entire
protein and of various structural components/domains over the
course of the simulation (Figure 7A). As anticipated, the unstruc-
tured lipoPulA tether (residues 2–19) exhibited the greatest
structural drift of all the domains throughout the simulations (Fig-
ure 7A, red line). The structural drift of all other parts of the
protein plateaued after20 ns, which shows that the simulations
are relatively stable. Interestingly, over some parts of each
simulation, the rmsd of the ensemble formed by the N1, N2,
and N3 domains was significantly higher than any of the individ-96 Structure 24, 92–104, January 5, 2016 ª2016 Elsevier Ltd All rightual N1/N2/N3 rmsds, indicating the motion between these
three domains mentioned previously. In the PulANA simulations,
the N1 and C domains exhibited the greatest structural drift, and
visual analysis of one particular trajectory shows a marked
motion of N1 relative to the rest of the protein. This is illustrated
in Figure 7B, where the protein was fitted to the rigid core
formed by domains N2, N3, A, and C, showing that domain
N1 can pivot around the rest of the protein, and is consistent
with the conformational differences captured in the crystallo-
graphic dimer. It appears that this PulANA simulation, along
with the lipoPulA simulation showing the same movement, has
visualized an event whereby the protein moves as predicted by
the crystal structures, with a motion that might have functional
significance.
To compare the conformational dynamics of PulANA and lipo-
PulA, we computed the Ca root-mean-square fluctuation of each
residue for the final 20 ns of each trajectory, and converted this to
a B-factor value, providing an indication of the mean motion of
each Ca atom around its average position. In agreement with
the B factors derived from the X-ray data, the greatest fluctua-
tions in the protein backbones of both systems localize primarily
around domain N1, followed by the Ins domain, which underwent
relatively large fluctuations (B factors of up to 280 A˚2) (Figure 7C).s reserved
Figure 4. Interactions of lipoPulA with the POPE Membrane Revealed by MD Simulations
(A) Tether contacts with the POPE at 0 ns (purple) and 100 ns (orange) of MD simulations.
(B)PulA IMretentionsignalwith fatty-acylated residueC1shown in red,D2 inmagenta,N3 incyan,andG4 ingreen.ThePOPEmoleculesmakingpolar contacts (black
dashed lines)with these residues are shown,with carbonatoms in light blue, oxygen atoms in red, nitrogen indarkblue, hydrogen inwhite, andphosphorus in orange.
(C) A zoom-out view of the PulA tether with the fatty-acylated C1 and residues D2 toQ19 shown in red. The POPEmolecules in direct contact with the IM retention
signal are shown as light-blue sticks.
(D) PulA tether (cyan) with S5 to S10 residues shown in green. Pro-Asp dipeptides are shown as sticks, in pale cyan in tether, or in gray in domains N1 and N2.
(E) Residues in domains N1 (yellow), N2 (green), and N3 (orange) in contact with the POPE membrane, shown as sticks.Mobile Structural Domains Play a Role in PulA Secretion
The mechanism that allows T2SSs to recognize their specific,
fully folded substrates remains poorly understood (Korotkov
et al., 2012). The X-ray structure of PulA allowed us to localize
three regions of its primary sequence that had previously been
identified as secretion signals (Figure 8A). Deletions of regions
A (residues 11–78, domain N1) and B (residues 735–814,
amylase domain A), together abolished secretion of lipoPulA
(Sauvonnet and Pugsley, 1996), while the 24-residue peptide in-
sertions at positions 234 (domain N2) and 284 (domain N3) (Fig-
ure 8A), delineating region C, abolished secretion of PulANA, as
did the deletion of domains N2 and N3 (Francetic and Pugsley,
2005).
The secretion determinants had been identified in strains pro-
ducing excess PulA relative to the Pul secretion system. To test
their impact under near physiological stoichiometry, we intro-
duced these mutations in the gene encoding PulANA located inStructure 24,the pul secretion gene cluster on plasmid pCHAP8185 (Table
S1). Secretion of PulANA and its variants was analyzed in
E. coli strain PAP7460, wherein the Pul T2SS is moderately over-
produced, and in strain PAP5207, wherein the reduced plasmid
copy number mimics physiological expression levels. In overex-
pressing conditions, secretion defects were confirmed for PulA
variants D11-78, TEV284, TEV234, and DN2N3, although these
protein variants were also destabilized to various extents (Fig-
ure 8B, top panel, lanes 5–12). However, at physiological expres-
sion levels, the four PulANA variants were almost entirely
degraded (Figure 8B, lower panel, lanes 5–12), precluding an
evaluation of their specific secretion defects.
Both the X-ray and MD analyses revealed the high mobility of
the N-terminal tether, domain N1, and the Ins subdomain. We
used deletion analysis to test the role of these regions in PulA
secretion. Deleting the distal part of the tether (residues 12–20)
had little effect on PulA secretion or stability (Figure 8B, lanes92–104, January 5, 2016 ª2016 Elsevier Ltd All rights reserved 97
Figure 5. MD Simulations of the Nonacylated PulA
(A) Snapshot of PulANA simulations at 0 ns. In the cartoon model of PulANA nonpolar residues are shown in white, basic residues in blue, acidic in red, and polar in
green. The polar residues of the POPE bilayer are shown in ice blue and nonpolar tails in white.
(B) PulANA position on the POPE membrane after 100 ns. Color coding as in (A).
(C) The center of mass of each protein domain approaches the center of mass of the bilayer over the course of the simulation. The partial density of the system
components across the simulation box averaged over the first 20 ns (top right) and the final 20 ns (bottom right) shows the protein approaching themembrane and
each other.
(D) Final structure of all residues with hydrogen-forming side chains (color coded) and POPE molecules (headgroups, ice blue; tails, white) within 10 A˚ of protein.
(E) View of the final frame of the simulation of PulA from below, showing the tether, N1, N2, and N3 protein domains in white ribbon, and showing all residues with
side chains capable of forming hydrogen bonds (arginine, histidine, lysine, serine, threonine, asparagine, glutamine, tryptophan, and tyrosine) found within 3.5 A˚
of the lipid in a colored representation: Arg, red; His, orange; Lys, yellow; Ser, green; Thr, cyan; Asp, mauve; Glu, purple.13 and 14). However, variant PulAD4-18, lacking the Ser6 resi-
due that connects the tether with residue Ser56 of domain N1,
showed a partial secretion defect, which was accentuated under
near physiological conditions (Figure 8B, lanes 15 and 16). Delet-
ing the entire tether and the adjacent extended region of domain
N1 in PulAD2-34 resulted in complete PulA degradation under
both conditions (Figure 8B, lanes 17 and 18). These results sug-
gest that the N-terminal IM-binding region, unstructured in solu-
tion, is essential for PulANA stability.
The highly mobile Ins subdomain of unknown function is in-
serted into the catalytic domain of Klebsiella pullulanases (Fig-98 Structure 24, 92–104, January 5, 2016 ª2016 Elsevier Ltd All rightures 9A, 9B, and S2A). This insertion is also found in pullulanases
from other Gram-negative genera that have a functional T2SS,
such as Vibrio, Aeromonas, and Photorhabdus (Figure S2B). To
test the hypothesis that its acquisition is functionally linked to
secretion via the type II pathway, we deleted the Ins region in
PulANA and tested the secretion of PulANADIns under the condi-
tions described in Figure 8. Deletion of the Ins domain had virtu-
ally no effect on PulANA secretion under overexpression condi-
tions (Figure 9C, top panel). However, secretion of PulANADIns
was abolished at physiological production levels while its stabil-
ity was not affected (Figure 9C, bottom panel). Thus, sequences reserved
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Figure 6. PulANA Binding to Liposomes In Vitro
(A) Purified PulANA co-sedimentation assay in the presence or absence of li-
posomes. Total (T), soluble (S), and pellet (P) fractions of PulANA treated as
described in the Experimental Procedures and analyzed by SDS-PAGE and
Coomassie brilliant blue staining.
(B) Summary of PulANA binding to E. coli lipids or pure phospholipids as
indicated. The bar graphs showmean values of the fraction of lipid-associated
PulANA from at least three independent experiments; error bars indicate SD.comparisons and structural andMD analyses allowed us to iden-
tify for the first time a structurally defined region specifically
required for PulA secretion via the T2SS.
DISCUSSION
We show in this study how a combination of high-resolution
structure and MD analyses led to the biochemical identification
of PulA IM retention and type II secretion signals. X-Ray crystal-
lography allowed us to characterize the Ins subdomain and
provided evidence for mobility of domain N1 in the PulA crystal-
lographic dimer. Although reported for other bacterial pullula-
nases (Hondoh et al., 2003; Duffner et al., 2000), dimerization
of PulA in vivo would be precluded by the extensive membrane
contacts revealed by MD simulations.
MD simulations provide a molecular view of PulA in its native-
like membrane environment. Membrane binding appears to be
mediated mainly by the flexible tether domain. Most lipoproteins
possess an N-terminal tether of variable length, structurally
disordered in solution, which connects the lipid anchor with the
structured parts of the protein (Zu¨ckert, 2014). Here, MD analysisStructure 24,revealed for the first time the structure of this extended polypep-
tide, showing high frequency of membrane contacts notably via
the IM retention signal.
In the Lol avoidance model, electrostatic contacts of Asp2
with the amine group of PE and a network of hydrogen bonds
connect the lipoprotein N terminus to five acyl chains (Hara
et al., 2003). While providing support for this model, our results
suggest that this interaction network is much more extensive
than previously proposed. At the end of the lipoPulA MD simula-
tions five POPEmolecules directly contact Asp2, while two addi-
tional POPE molecules contact the diacylglycerol and palmitate
acyl chains, and residues Asn3 and Gly4. Thus, including the
N-terminal modifications, the total number of acyl chains
anchoring the lipoprotein N terminus might be as high as 17,
showing that Asp2 clearly plays a crucial role in lipoprotein
retention in the IM.
The contribution of the Asn3 side chain to membrane binding
is consistent with its positive effect on lipoprotein retention
in vitro (Terada et al., 2001). The strongest retention signal
Asp2-Asp3 could act by providing additional direct contacts of
Asp3 and POPE lipids, while the negative influence of Lys3 or
His3 on IM retention (Terada et al., 2001) might be due to their
direct interactions with Asp2, competing with the IM binding.
Extensive IM binding via the downstream tether regions and
Pro-rich repeats could affect the final lipoprotein localization
and be the origin of exceptions to the +2 sorting rule reported
in enterobacteria (Robichon et al., 2003; Silva-Herzog et al.,
2008). Similar contacts might explain species-specific retention
signals such as those found in Pseudomonas (Lewenza et al.,
2008; Narita and Tokuda, 2007).
Pro-rich repeats also mediate IM binding of PulANA. While
removal of lipid modification was thought to result in a
protein that ‘‘floats’’ freely in the periplasm, MD simulations
and in vitro data show that PulANA behaves as a peripheral
membrane protein. Acyl modifications reinforce PulA IM
association and stability, as shown by the higher relative abun-
dance of lipoPulA compared with PulANA, especially when the
T2SS is inactivated (Figure S4). Interestingly, secretion-defec-
tive PulANA variants show reduced stability, similar to the
secretion-defective variants of PehA from Pectinobacterium
carotovorum (Palomaaki et al., 2002). The results of the MD
and in vivo analyses support a model in which the IM acts as
a chaperone, providing protection to extended/loop regions
against periplasmic proteases while promoting productive in-
teractions with the T2SS components, the majority of which
reside in the IM.
Upon secretion, lipoproteins, but also some nonacylated
T2SS substrates, remain associated with bacterial surface
(Rondelet and Condemine, 2013). Some secreted proteins
bind to eukaryotic cell membranes such as the cholera toxin
secreted by Vibrio cholerae (Basu and Mukhopadhyay, 2014)
or exotoxin A from Pseudomonas (Nordera et al., 1997). It is
tempting to speculate that this binding is mediated by the
same domains that are involved in IM association and substrate
presentation to the secretion apparatus in the periplasm.
Immunoglobulin-like domains similar to domain N2 of PulA
appear to mediate IM binding in other T2SS substrates,
including the Vibrio VesB (Gadwal et al., 2014) and GpbA
(Wong et al., 2012).92–104, January 5, 2016 ª2016 Elsevier Ltd All rights reserved 99
Figure 7. PulA Domain Dynamics during MD Simulation
(A) The structural drift of the carbon backbone of different lipoPulA (top) and PulANA (bottom) domains during the course of representative simulations (note the
different y axis scales). Each graph represents domain fluctuations as indicated in the legend on the right.
(B) All PulANA domains except N1 and the tether were superimposed. Domain N1 (shown) pivots around the rest of the protein (not shown) during the simulations
(see Figure 2B). Subunit A (red) was used as the initial structure, and the N1 domain moved to occupy a similar position to subunit B (yellow) by the end of the
simulation (cyan).
(C) PulA domain mobility represented by the B-factor variation of every Ca atom over the last 80 ns of each simulation.T2SS substrates are structurally diverse, and the molecular
nature of their secretion determinants remains poorly under-
stood (Korotkov et al., 2012). Studies of secretion signals of
Pseudomonas aeruginosa exotoxin A (Lu and Lory, 1996; Voul-
houx et al., 2000), Dickeya dadantii PelI (Pineau et al., 2014),
and P. carotovorum PehA (Palomaaki et al., 2002) suggest that
more than one surface motif is involved in secretion, presumably
via specific binding to T2SS components. In D. dadantii, there is
evidence for substrate binding to periplasmic domains of the IM
component OutC and the secretin channel OutD (Boulay et al.,
2001). Recent studies identified a loop in the fibronectin domain
of the PelI substrate, which is essential for secretion and involved
in direct interactions with OutC and OutD. The key Pro-Asp motif
in this loop is absent in the PelI structural homolog Pel3 from
P. carotovorum, which is not secreted by the D. dadantiOut sys-
tem (Pineau et al., 2014). Similar sequencemotifs are found in the
PulA tether and in domains N1 and N2 (Figure 4D). However, a100 Structure 24, 92–104, January 5, 2016 ª2016 Elsevier Ltd All righgeneral pattern has yet to emerge and requires future parallel
studies of different T2SSs.
The minimal PulA fragment specifically secreted when over-
produced corresponds to the 430 N-terminal residues (PulA430)
(Francetic and Pugsley, 2005) and comprises the tether, N1,
N2, and N3 domains. The membrane association of these do-
mains in MD simulations suggests that they might facilitate tar-
geting to IM components of the T2SS, as a prerequisite for
secretion. However, secretion efficiency of PulA430 is quite low
(up to 30%) (C.B. and O.F., unpublished data), suggesting that
other motifs contribute to PulA secretion. Indeed, the flexible
Ins motif, identified here by combined bioinformatics, X-ray,
and MD analyses, is required for fully efficient secretion. While
it is present in several pullulanases from Gram-negative species
with a functional T2SS (Figure S1), the Ins domain is dispensable
when the substrate and/or T2SS concentration is high. These re-
sults favor a model of a composite secretion signal in which thets reserved
Figure 8. Effects of Mutations in Domains N1, N2, and N3 and the Tether on PulA Secretion and Stability
(A) Cartoon representation of PulA X-ray structure with N-terminal residue D20 in blue spheres. Region A is highlighted in blue, region B in green, and region C in
purple. TEV insertions at positions 234 and 284 are indicated by red spheres. Cyan spheres indicate Ca2+ atoms.
(B) Top: PulA immunodetection in cell (C) and supernatant (S) fractions from 0.05 OD600nm of PAP7460 bacteria containing pCHAP8185 plasmid producing PulA
or PulA variants and the Pul secretion system (high copy). Bottom: Cell and supernatant fractions of 0.5 OD600nm of PAP5207 bacteria containing pCHAP8185
derivatives (low copy). The images have been processed to remove irrelevant lanes as indicated by a space.IM binding of the minimal secreted fragment could play an
essential role, possibly in early targeting to the membrane and
to one of the IM-localized T2SS factors. The Ins subdomain
could favor secretion, possibly by binding to a second T2SS
component. While further mutational and interaction analysis is
required to delineate specific secretion determinants and their
interacting partners, the highly dynamic N1 domain and its disul-
fide loop might play a very important role in the essential early
steps of substrate uptake.
Structural and computational approaches employed in this
study reveal the significance of IM association of T2SS sub-
strates, and show that structurally dynamic regions and subdo-
mains are important for T2SS-mediated protein transport. The
results underline the importance of functional analysis in physio-
logical expression conditions when studying highly dynamic
transport processes whereby the concentration of reaction part-
ners and kinetics might play an important role. In the protease-
rich periplasmic environment, the IM might act as a chaperone
and play a regulatory role in the secretion process. Finally, our
studies demonstrate the predictive value of MD simulations
as a tool to study interactions of proteins with biological
membranes.
EXPERIMENTAL PROCEDURES
Bacterial Strains, Plasmids, and Secretion Assays
Details of bacterial strains and plasmid constructions are described in Supple-
mental Experimental Procedures. Plasmids are listed in Table S1 and oligonu-
cleotides are listed in Table S2. PulA secretion assays were performed as
described by Campos et al. (2010).
PulA Purification and Crystallization
The selenomethionine-labeled variant of PulANA was purified additionally by
size-exclusion chromatography (see Supplementary Experimental Proce-
dures). Crystals were grown using the hanging-drop vapor diffusion method,Structure 24, 9and X-ray data were collected from a single frozen crystal at the European Syn-
chrotron Radiation Facility (beamline ID14-2) using a wavelength of 0.933 A˚.
Diffraction datasets were processed with XDS (Kabsch, 2010) and SCALA
from the CCP4 suite (Project, 1994). Data collection statistics are summarized
in Table 1. The crystal structure was solved by a combination of single-wave-
length anomalous dispersion andmolecular replacement methods using X-ray
data collected from selenomethionine-substituted crystals. The substructure
of SE atoms was solved by direct methods with the program SnB (Xu and
Weeks, 2008). Subsequent refinement of the anomalous scatterer model
and protein phasing were performed with the program SHARP (Vonrhein
et al., 2007). In addition, a partial PulA model was determined by molecular
replacement using the program AMoRe (Navaza, 2001) and the catalytic
core of the apo-PulA fromK. pneumoniae (Mikami et al., 2006) as searchmodel
(PDB: 3FGZ). The N-terminal domains were manually built using the program
Coot (Emsley and Cowtan, 2004). The full-length PulA atomic model was opti-
mized with phenix.refine (Afonine et al., 2005) and manual intervention with
Coot. Structure quality was assessed with MolProbity (Davis et al., 2007). Fig-
ures were prepared with PyMOL (http://www.pymol.org) and full refinement
statistics are summarized in Table 1. Coordinates and structure factors have
been deposited in the PDB under the accession code PDB: 2YOC.
In Vitro Association of PulANA with Liposomes
Purified PulANA was mixed with E. coli polar lipid extract liposomes (prepared
as described in Supplemental Experimental Procedures) at a lipid-to-
protein ratio of 5,000:1. Mixtures were incubated for 1 hr at room temperature
in 50 mM Tris-HCl (pH 7.5) and 50 mM NaCl, and aliquots of the total
mixtures were removed. Free and liposome-associated PulANA were sepa-
rated by ultracentrifugation (100,000 3 g, 30 min). The liposome-containing
pellet was resuspended in a volume equal to that of supernatant. Equal
amounts of total mixture (T), supernatant (S), and resuspended pellet (P)
were analyzed by SDS-PAGE after boiling of the samples. Gels were stained
with Coomassie brilliant blue and bands integrated for analysis by ImageJ
(Abramoff et al., 2004). Control experiments including BSA instead of PulANA
indicated that less than 5% BSA adsorbs specifically to the liposomes in this
fashion.
Molecular Modeling
A full-length lipoPulA model was built by incorporating the 19 residues of the
flexible N-terminal tether that was disordered and, thus, missing in the2–104, January 5, 2016 ª2016 Elsevier Ltd All rights reserved 101
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Figure 9. The Ins Subdomain Is Essential for
PulA Secretion in Physiological Conditions
(A) A snapshot of the Ins domain showing the three
short helices forming a triangular structure, with
the sulfur atoms forming a disulfide bridge be-
tween Cys491 and Cys506 shown in yellow. Two
other a helices are also present in the Ins domain.
(B) A snapshot of lipoPulA MD simulation with the
Ins subdomain highlighted.
(C) Secretion of PulANADIns and controls in strain
PAP7460 (high copy) and PAP5207 (low copy).
The images have been processed to remove irrel-
evant lanes as indicated by a space. C, cell;
S, supernatant.crystallographic density. The tether was built and refined using the DOPE
module in the Modeller suite (Eswar et al., 2006). Both building three fatty-
acyl chains at the post-translationally modified Cys+1 residue as an N-a-
palmitoyl-S-[2,3-bis(palmitoyloxy)-(2RS)-propyl]-L-cysteine moiety, and re-
placing this moiety by an amino-terminal methionine to produce the PulANA
structure, were accomplished using PyMOL (De Lano, 2002). The final struc-
ture was composed of 1,070 amino acids. The membrane consisted of an
equilibrated bilayer of 318 POPE molecules.
Molecular Dynamics Simulations
Full-length models of lipoPulA and PulANA were used in MD simulations using
the GROMACS 4.5.5 package (Pronk, 2013); the lipids were treated with the
CHARMM36 all-atom force field (Brooks, 2009; Klauda, 2010) and the proteins
with CHARMM22/CMAP parameters (Bjelkmar et al., 2010; MacKerell et al.,
1998). Detailed methods for MD simulations are shown in Supplemental
Experimental Procedures.
Simulations were performed using the Darwin Supercomputer of the Univer-
sity of Cambridge High Performance Computing Service or the PRACE
Research Infrastructure resource Monte Rosa based in Switzerland at
CSCS. Analysis was performed using tools available in the GROMACS 4.5.5
software package. Visualization was performed using VMD 1.9.1, and graphs
were constructed using Grace (http://plasma-gate.weizmann.ac.il/Grace/).
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